To determine the magnitude and mediators of the association between cigarette smoking and bone mass in the epidemiologic literature we reviewed articles, published abstracts, and conference proceedings, identified through MEDLINE, psychological abstracts, conference proceedings, and article bibliographies. We studied cross-sectional and prospective human studies that provided a quantitative measure of bone mass (X-ray, absorptiometry, or computed tomography) as a function of cigarette smoking exposure. Effects were expressed as pooled standardized mean differences for categorical comparisons (e.g., bone mass in current versus nonsmokers), and as pooled correlation coefficients for continuous comparisons (e.g., correlation of bone mass and pack-years of smoking). Effects were derived for combined bone sites (all bone sites pooled within each study) and four specific sites (hip, lumbar spine, forearm, and os calcis), and were examined overall and as a function of subject and methodologic characteristics (gender, age, body weight, menopausal status, health status). Data were pooled across 86 studies, enrolling 40,753 subjects. Smokers had significantly reduced bone mass compared with nonsmokers (never and former smokers) at all bone sites, averaging a one-tenth standard deviation (SD) deficit for combined sites. Deficits were especially pronounced at the hip, where the bone mass of current smokers was one-third of a SD less than that of never smokers. Overall, effects were greatest in men and in the elderly, and were dosedependent. In prospective studies, smokers had greater rates of bone loss over time compared with nonsmokers. Bone mass differences remained significant after controlling for age and body weight differences between the two groups. Absolute effect sizes at most bone sites were greatest for current smokers compared with never smokers, intermediate for current smokers compared with former smokers, and lowest for former smokers compared with never smokers, suggesting that smoking cessation may have a positive influence on bone mass. Based on these data, it is estimated that smoking increases the lifetime risk of developing a vertebral fracture by 13% in women and 32% in men. At the hip, smoking is estimated to increase lifetime fracture risk by 31% in women and 40% in men. It appears that smoking
There is a growing body of evidence that cigarette smoking is a risk factor for osteoporosis, but the nature and magnitude of this relationship remains uncertain. Numerous studies have documented inverse relationships between smoking and both bone mass and fracture risk [1, 2] . These relationships have been found at several bone sites, with smoking exposure measured in several ways (e.g., current smoking status and lifetime exposure), and in diverse populations. However, many studies have found no evidence of a relationship between smoking and bone mass [3] [4] [5] . It is likely that these inconsistencies are related to differences among studies in terms of design (e.g., cross-sectional vs. prospective assessment), statistical power for detecting significant effects, the specific bone sites investigated, participant characteristics (e.g., age, gender, body weight, health status, menopausal status), and the technique used to assess bone mass. In particular, it has been suggested that lower bone mass in smokers is attributable to lower body weight rather than any direct effect of tobacco [1] .
Another important issue that has received little attention is whether quitting smoking reduces the risk of bone loss. No prospective studies have examined bone mass changes as a function of change in smoking status (i.e., initiation or cessation of smoking). Several cross-sectional studies, however, have reported that former smokers have bone mass that is intermediate of current smokers and never smokers, or that the bone mass of former smokers is similar to that of never smokers [e.g., 6]. These results suggest that smoking cessation may have a beneficial effect on bone mass, although the mechanism of such an effect is unclear.
For both clinical and public health purposes, it is important to determine whether smoking is a risk factor for low bone mass, the magnitude of this effect, what populations are most at risk for smoking-related bone loss, and what bone sites are most affected. Recently, the first metaanalysis to examine the smoking/bone mass relationship was published [2] . This review found that bone mass in male and postmenopausal female smokers was approximately one-third of a standard deviation lower than that of nonsmokers. Although an important contribution, this review was not comprehensive in several respects: (1) only three bone sites were evaluated (femoral neck, radius, and os calcis) which excluded a large portion of the published smoking/bone mass literature, (2) prospective studies examining rates of bone change were not evaluated, (3) the review did not evaluate the influence of several potentially important mediators and moderators, including body weight, physical activity level, health status, and bone characteristics (e.g., trabecular content).
The purpose of the present research was to conduct a comprehensive meta-analytic review of the epidemiologic literature on the association of smoking and bone mass. Several hypotheses regarding this association were tested.
(1) An overall significant inverse association between smoking exposure and bone mass was expected. (2) This association was expected to be dose-dependent, such that bone mass would be negatively correlated with smoking exposure (e.g., pack-years of smoking). (3) Greater effects were expected in older individuals, including postmenopausal women. (4) Former smokers were expected to have bone mass that was intermediate between current smokers and never smokers, suggesting that smoking cessation has a positive effect on bone mass. (5) It was hypothesized that controlling for potential confounders of the smoking/bone mass relationship (e.g., age, physical activity, calcium intake), as well as body weight differences between smokers and nonsmokers, would reduce, but not entirely negate, the effects of smoking on bone mass.
Methods

Identification of Studies
Studies were identified in the Medline database using the words "bone or osteoporosis or fracture" and "smoking or tobacco or nicotine or lifestyle or behavior." In addition, reference sections of all identified studies and review articles were searched, and published abstracts were identified by reviewing all convention abstracts published during the last 7 years in several relevant journals. Inclusion criteria for this meta-analysis were that the study be (1) either a published peer-reviewed article or published abstract, (2) published between 1966 and 1997, (3) provide a quantitative measure of bone mass (i.e., X-ray, absorptiometry, or computed tomography), and (4) report bone mass data as a function of cigarette smoking exposure.
Initially, 134 studies were identified that met these criteria.
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However, 40 of these were excluded because they included smoking exposure as a covariate in multivariate analyses predicting bone mass, but did not specifically analyze the relationship between smoking exposure and bone mass. Thus, 94 studies (83 peer-reviewed articles and 11 published abstracts) were included in the meta-analysis. Multiple publications were found for eight studies. In these cases, non redundant effect sizes were calculated from all publications and were coded as being from a single study, resulting in 86 independent studies being included in the metaanalysis.
Coding Procedures
Smoking exposure was represented in studies both categorically and continuously. Categorical effects compared bone mass in exposed and non-exposed (or less-exposed) individuals (e.g., current versus never smokers; former vs. never smokers). Continuous effects correlated bone mass with such exposure indicators as cigarettes smoked per day, number of years smoked, or pack-years of smoking. Both types of effects were analyzed in this metaanalysis. Because a variety of categorical comparisons were made across studies, these were collapsed into two partially overlapping groups which allowed all effect sizes to be analyzed. The first categorical comparison evaluated current smokers versus nonsmokers, where nonsmokers included both former smokers and never smokers. The second comparison contrasted ever smokers (current or former) to never smokers. In addition, finer grain analyses were conducted to investigate the effects of smoking cessation on bone mass. These analyses compared effect sizes for current smokers vs. never smokers, current smokers vs. former smokers, and former smokers vs. never smokers. Studies analyzed bone mass at a variety of sites, including the total body, lumbar spine, os calcis, metacarpal, humerus, forearm, and hip. Studies often reported results at multiple sites for both the hip (e.g., total hip, femoral neck, trochanter) and forearm (e.g., distal and midshaft ulna or radius). Analyses were conducted on "combined" bone sites (created by averaging all bone sites within each study), as well as the four most frequently reported sites (lumbar spine, os calcis, hip, and forearm). The hip and forearm categories were created by averaging all relevant sites within each study. It was deemed acceptable to combine ulna and radius measures into a single forearm site because the distributions of mineral mass and percentage of trabecular bone are similar in both bones [7] . For both combined and forearm bone sites, the relative percentage of trabecular bone was coded as <50% or -<50% based on published estimates [7] [8] [9] 1 .
Analyses were conducted separately for effects that were assessed cross-sectionally (i.e., bone mass assessed only once) or prospectively (i.e., rate of change in bone mass, based on at least two assessments).
Several participant and methodologic characteristics were coded for each effect. Participant characteristics included age, gender, ethnicity, menopausal status, and smoking exposure (cigarettes/day, number of years smoked). Health status was coded to indicate whether participants had been selected based on the existence of a disorder affecting bone metabolism, including osteoporosis/osteopenia, alcoholism, anorexia nervosa, amenorrhea, diabetes, gastrointestinal disorders, rheumatoid arthritis, and endocrinopathies such as hyperparathyroidism or hypogonadism.
Bone mass assessment technique was coded dichotomously as dual energy X-ray absorptiometry (DXA) versus other techniques (X-ray, single photon absorptiometry, dual photon absorptiometry, or computed tomography). DXA has improved precision and acIt was not possible to classify trabecular bone content more precisely than <50% or -->50% because some studies did not specify the exact anatomic locations of bone density measurements. Sites coded as <50% trabecular content included midshaft and proximal forearm, hip sites, humerus neck, metacarpal, lumbar spine, and total body. Sites coded as -->50% trabecular content included distal and ultradistal forearm, and os calcis.
curacy, compared with these other techniques, which may influence the stability and magnitude of effect sizes [10, 11] . The vast majority of bone mass measures (81% of all coded effect sizes) were expressed as areal bone mineral density (BMD; g/cm2). Because areal BMD is highly correlated with other measures (e.g., linear BMD, expressed as g/cm), and all measures predict fracture risk [12] , measures were pooled in analyses.
Dummy coding was used to indicate whether effects controlled for body weight differences in smokers and nonsmokers and several potential confounders. Effects were considered to control for age or body mass [weight or body mass index (kg/m2)] differences if participants were matched on these variables, or if statistical adjustment was performed. Statistical adjustment of several other potential confounders also was coded, including menopausal status, years since menopause, estrogen replacement status, use of oral contraceptives, calcium intake, height, use of medications that affect bone metabolism, physical activity, coffee intake, and alcohol intake. However, only calcium intake and physical activity were included as covariates in a sufficient number of studies to analyze.
Effect Size Calculation
Standardized mean differences (d) [13] were calculated for categorical comparisons (e.g., current-vs. nonsmoker) rather than absolute differences in bone mass, due to the diversity of bone sites and measurement techniques used. Each effect size was corrected for small sample bias and weighted by the inverse of its variance [14] .
For comparisons involving continuous measures of smoking exposure (pack-years, number of cigarettes smoked per day, number of years smoked), Pearson product-moment correlations were calculated, converted to z-scores using Fisher's variance stabilizing z-transform [15] , and then weighted by the inverse of their variance. For interpretability, z's were transformed back into estimates of weighted correlations. When findings were reported only as statistically nonsignificant, effect sizes were calculated conservatively as 0. Negative ds and rs indicate an adverse effect of smoking on bone mass.
Multiple effect sizes were coded within the majority of studies (mean = 8.9; range = 1--64) mainly because of assessment of several bone sites and smoking exposure comparisons (e.g., some studies reported comparisons for current smokers vs. never smokers, current vs. former smokers, and former vs. never smokers at several bone sites). Because significant positive intraclass correlations were observed for bone sites and smoking exposure categories within studies (ranging from 0.04 to 0.13, P values <0.006), which could bias effect size estimates, effect sizes were aggregated to the study level.
Statistical Analysis
Homogeneity testing was conducted for all analyses using the Q test [14] to determine whether the predictor(s) being modeled accounted for all systematic variance in effect size. Q is derived from weighted least squares (WLS) estimates of effect variability. In cases where Q was rejected (indicating the presence of nonrandom variability in effect sizes) homogeneity was accomplished by stratification of effect sizes according to relevant characteristics. Effect sizes were compared using WLS analysis of variance and multiple linear regression.
Results
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continuous-exposure comparisons, and 21,765 participants were included in categorical comparisons (which included 4,305 current smokers, and 17,460 never smokers or former smokers) 2. The mean age of participants was 50.3 years (range = 16-80). Ethnicity of participants was not reported in a majority of studies (48, or 56%) and as such, was not examined in analyses. In terms of the health status of samples, 77 studies either excluded participants who had disorders affecting bone metabolism, or did not select participants based on disorders affecting bone metabolism (e.g., community-based cohorts). Nine studies selected participants for certain disorders known to influence bone metabolism, including osteoporosis [16] , amenorrhea [17] , anorexia nervosa [18] , diabetes [19, 20] , gastrointestinal disorders [21] [22] [23] , and pustolosis palmaris et plantaris (a dermatologic condition associated with bone metabolic dysfunction) [24] .
Homogeneity of Effects
Analyses initially were conducted with all relevant studies included, regardless of the health status of the samples. Effects sizes generally were more negative for the nine clinical samples compared with nonclinical samples, resulting in significant heterogeneity of effect sizes. For example, among studies comparing current smokers to nonsmokers at combined bone sites, homogeneity was rejected when clinical samples were included (P < 0.0001). In contrast, homogeneity was not rejected when clinical samples were excluded (P = 0.130). Accordingly, clinical samples were analyzed separately from nonclinical samples.
Overall Effects in Cross-Sectional Studies
Across bone sites, the bone mass of current smokers was one-tenth of a SD lower than that of nonsmokers (Table 1) . This effect estimate was unchanged when adjusted for relative trabecular content of bone sites (<50% vs. -->50%). Effect sizes at specific bone sites (i.e., lumbar spine, forearm, os calcis, and hip) ranged from -0.07 (95% confidence limits = -0.09, -0.05) for the forearm to -0.18 (-0.24, -0.12) for the hip. Effect sizes of similar magnitude were observed at these bone sites for comparisons of ever smokers versus never smokers, with the exception that no significant difference was found for the lumbar spine. Absolute effect sizes were larger when current smokers were compared with never smokers only. For these comparisons, ds were-0. 
Age, Gender, and Menopausal Status Effects
To assess age and gender effects, gender, age, and a gender by age interaction term were regressed on d for current smokers vs. nonsmokers. No significant interactions were observed at any bone site, indicating that age effects were similar for women and men. As shown in Figure 1 , absolute effect sizes were greater in men than in women at combined bone sites ( . Similar (but statistically nonsignificant) trends were observed at the forearm and os calcis. Effect sizes became more negative as age increased at combined bone sites (P = 0.0201), and a similar trend was observed at the forearm (P = 0.0543), but not at other bone sites. Gender and age were fairly strong predictors of bone mass differences in current and nonsmokers, accounting for 17.5% of the variance in d at combined bone sites (P = 0.0004).
To further evaluate age effects observed at combined bone sites, samples were stratified into three age groups (<40 years, 40-60 years, and >60 years). A significant difference among the three age groups was observed (P = 0.006). Post-hoc testing indicated that smoking had a more adverse effect on bone mass for individuals over 60 years of age ( To determine whether menopausal status influenced the smoking/bone mass association, effects were compared for female samples that consisted entirely of either premenopausal women [3, 4, [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] or postmenopausal women [5, 6, 27, 30, 32, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] . Studies that combined pre-and postmenopausal participants in analyses were excluded, and one study that contained all perimenopausal women was included with postmenopausal samples. It was hypothesized that smoking would have a more negative effect on bone mass for postmenopausal women than premenopausal women due potentially to longer duration of smoking and adverse effects of smoking on estrogen status (e.g., precipitation of earlier menopause). This hypothesis was partially supported. No significant between-group differences comparing pre-and postmenopausal women were observed at any bone site. However, when effects were examined stratified by menopausal status, postmenopausal current smokers had significantly reduced bone mass compared with nonsmokers, at combined bone sites (d = -0. 
Control of Potential Confounders
It was hypothesized that control of potential confounders (through matching or statistical adjustment) would reduce, but not entirely negate, the relationship between smoking and bone mass. Consistent with this hypothesis, the effects of current smoking or ever smoking did not differ significantly at any bone site according to whether age or body mass was controlled, either individually or simultaneously. Figure 2 illustrates that effects were generally similar for current smoking at all bone sites when both body mass and age were controlled simultaneously compared with when neither potential confounder was controlled. The only exception was a larger absolute effect at the lumbar spine when age and body mass were not controlled compared with when controlled (ds = -0.18 [-0.30, -0.06] and -0.05 [-0.11, 0.01], respectively; P = 0.084). No significant differences were observed between effects that were adjusted for physical activity and calcium intake in addition to age and body mass, compared with effects that did not control for these variables.
Effect sizes for current vs. never smokers and ever vs. never smokers did not differ according to bone mass assessment technique used (DXA vs. other techniques), or form of publication (peer-reviewed vs. published abstract). In addition, effects for combined and forearm bone sites did not differ significantly according to relative trabecular content of the bone.
Effects in Clinical Samples
As noted above, clinical samples (i.e., composed of indi- Bone Sites Fig. 1 . Effect sizes comparing current smokers to nonsmokers (d § 95% C/) according to gender.
Hip viduals with diseases affecting bone metabolism) were examined separately from nonclinical samples because of heterogeneity in effect sizes in the former studies. Too few clinical samples were available to conduct analyses for all specific bone sites and smoking exposure comparisons. However, a sufficient number of clinical samples (n = 5) were available to compare effect sizes with nonclinical samples for current-smoking vs. nonsmoking at combined bone sites. These five studies included patients with osteoporosis, amenorrhea, Crohn's disease, and diabetes [16, 17, [19] [20] [21] . Homogeneity was rejected for these clinical samples (P < 0.0001). Examination of the studies indicated that the d of one study [16] was more than 5 SDs lower than the mean d. After removing this outlier, homogeneity among the four remaining clinical studies was not rejected (P = 0.483). The mean effect of current smoking was stronger for clinical samples than nonclinical samples after removing this outlier (d = -0.34 [-0.54, -0.13] vs. d = -0.10 [-0.13, -0.07], respectively; P = 0.024). Most clinical studies did not provide smoking history data, so it was not possible to determine whether the stronger effects observed for these studies was dose-related.
Dose Effects
Correlation coefficients were calculated and combined from among 33 cross-sectional studies [5, 59 -82] that reported the degree of association between bone mass and smoking exposure expressed as a continuous variable (pack-years, number of years as a smoker, or cigarettes per day). Significant correlations were observed at combined bone sites, lumbar spine, hip, and os calcis, with r ranging from -0. 
Twin Studies
Dose effects also were examined in four twin studies that provided within-twin-pair correlations of differences in lumbar spine bone mass and differences in pack-years of smoking [74, [83] [84] [85] . This type of analysis controls for age, gender, and genetic composition, all of which are major determinants of bone mass. A significant negative correlation was observed (r = -0.10; [-0.21, -0.01], indicating that greater exposure to smoking was associated with lower bone mass. This analysis was re-run after excluding one Fig. 2 . Effects of current smokers vs. nonsmokers (d+, 95% C/) according to control of body mass and age differences. study [85] which included children (mean age of sample = 16.6 years; range 10-26), since the magnitude of smoking exposure was likely to have been very low in this sample. A stronger negative correlation was observed for the three adult samples (r = -0.28 [-0.44, -0.11]).
Smoking Cessation Effects
To evaluate whether smoking cessation might have a positive effect on bone mass, effect sizes were compared for current smokers vs. never smokers, current smokers vs. former smokers, and former smokers vs. never smokers (Fig. 3 ). Significant differences among smoking exposure comparisons were observed at combined bone sites (P = 0.002) and the lumbar spine (P = 0.048). Post-hoc testing revealed that the effect size for current vs. never smokers was lower than that for former vs. never smokers at both sites (P-values <0.02). No significant differences among the three smoking exposure comparisons were found at the forearm, hip, or os calcis, possibly because of low power (sample sizes were small, ranging from 2 to 5 samples per comparison). Nevertheless, similar trends were observed at all bone sites except the os calcis, such that current smokers had significantly lower bone mass compared with never smokers, whereas former smokers and never smokers did not differ significantly. At the os calcis, both current and former smokers had lower BMD than never smokers.
Analyses on Rate of Change in Bone Mass
Thirteen prospective studies provided data on the rate of change in bone mass as a function of smoking exposure [33, 45, 49, 51-54, 57, 58, 75, 76, 78, 86-88] . Because of the small number of studies, analyses were conducted only for combined bone sites. Mean follow-up time was 5.3 years (range = 1-16 years). Length of follow-up was not significantly related to effect sizes, thus, effect sizes were combined for analysis. Both current smokers (compared with nonsmokers) and ever smokers (compared with never smokers) had greater rates of bone loss (d = -0.13 [-0.21, -0.05] and -0.10 [-0.20, -0.01], respectively). In stratified analyses, d did not differ as a function of gender, trabecular content, age, measurement technique, publication status, or control of age and body mass. Analyses could not be conducted stratified for menopausal status because only one study was conducted on premenopausal women. Table 2 presents estimates of the increase in age-adjusted fracture risk at various bone sites that is attributable to cigarette smoking for both women and men. These estimates are derived from standardized bone mass differences between current smokers and never smokers in this meta-analysis, and known changes in fracture risk as a function of age- a Based on estimates from Marshall, Johnell, & Wedel, 1996. These estimates are derived from studies of women. However, the predictive ability of bone mass for fracture risk is similar in women and men [51, 110] b Calculated as antilog (standardized relative fracture risk based on smoking status x log of standardized relative facture risk based on bone mass change). For example, predicted risk of fracture at the lumbar spine for current vs. never smokers (female) is calculated as antilog (0.15 x log 2.3) = 1.13 ~ Proportions reflect the population attributable risk, based on 1997 prevalence estimates for current smoking among U.S. adults (27.6% for men, 22.1% for women) [111] adjusted bone mass differences. Predicted risk of fracture tended to be greater for men than women at all bone sites except the forearm. Across all bone sites, smoking is estimated to increase fracture risk by 5% in women and 11% in men. Smoking produced the greatest increases in fracture risk at the lumbar spine (13% for women and 32% for men) and at the hip (31% for women and 40% for men). For women, the estimated proportion of all fractures that is attributable to cigarette smoking is 2.8% for the lumbar spine and 6.4% for the hip. Among men, 8.1% of lumbar spine fractures and 9.9% of hip fractures are attributable to cigarette smoking.
Smoking-Related Fracture Risk
Discussion
This meta-analysis provides evidence of an independent negative effect of cigarette smoking on bone mass at several major sites of osteoporotic fractures, including the hip, lumbar spine, and forearm. These results extend findings of another recent meta-analysis on this topic [2] by demonstrating that smoking is associated with a greater rate of bone loss, and that these effects are independent of body weight differences between smokers and nonsmokers. Averaging across bone sites, the bone mass of current smokers was one-tenth of a SD below that of nonsmokers. The deleterious effect of smoking was especially prominent at the hip, with the bone mass of current smokers being nearly one-third of a SD below that of never smokers. The effects of smoking on bone mass appear to be dosedependent. Across studies, bone mass was negatively correlated with measures of smoking dose (pack-years, cigarettes per day, number of years smoked) on the order of -0.04 to -0.06. Although the magnitude of these correlations is small, it is not surprising that a single variable would account for only a small proportion of the total variance in such a multiply-determined measure as BMD. It is noteworthy that a much stronger dose-response relationship was observed for twin studies, with a correlation of -0.28 observed for within-pair differences in lumbar spine bone mass and pack-years of smoking. These stronger relationships are likely due to the fact that within-twin-pair comparisons substantially reduce the "noise" in the smoking/ bone mass relationship by effectively controlling for age, gender, and genetic differences.
The literature has been unclear as to whether smoking may influence bone mass by hindering the achievement of peak bone mass during early adulthood, or by increasing bone loss later in life. We found evidence that the effects of smoking on bone are most pronounced in older individuals, including postmenopausal women. Effects were positively related to age for combined bone sites, with effects tending to be greatest for individuals past the age of 60. No significant effects were observed at any bone site for individuals younger than 40 years, arguing against a major influence of smoking on peak bone mass. It is likely that the effects of smoking on bone are cumulative, and that total smoking exposure in most young adult smokers is insufficient to produce observable decrements. A negative effect of smoking on bone mass among young adults would only be expected for individuals with greater tobacco intake. In support of this notion, several studies of young adults have demonstrated significant effects of smoking on bone mass when analyses are restricted to heavy smokers (>1 pack per day [38, 72, 89] . In the present meta-analysis, significant dose-response effects were observed among young adults (<40 years of age) for combined bone sites and the lumbar spine.
Smoking was shown to have a more deleterious effect on bone mass for men than for women. Effects were 50%-K. D. Ward et al.: Cigarette Smoking and Bone Mineral Density 300% greater in men at combined bone sites, the lumbar spine, and the forearm, with similar, although statistically nonsignificant, trends at the os calcis and hip. Several factors may account for these gender differences. First, effects among women may be partially obscured by unmeasured confounders such as use of oral contraceptives or estrogen replacement therapy, which may protect against bone loss and thus increase error variability. In addition, gender differences are likely related to greater tobacco intake in men, as suggested by the dose-response relationships observed for both men and women. Unfortunately, too few of the studies reviewed in this meta-analysis reported detailed smoking exposure data to reliably determine whether tobacco exposure differences accounted for gender differences in smoking/bone mass effects.
One mechanism by which smoking may increase bone loss is through its effect on body weight [9, 48, 90] . By middle age, smokers weigh an average of 7-8 pounds less than nonsmokers [91] . Higher body weight among nonsmokers compared with smokers could result in higher bone mass for a number of reasons, including increased mechanical load on weight-bearing bone [92] , and greater conversion of androgens to estrogen in adipose tissue [93, 94] . Despite these plausible mechanisms, there was no evidence in this meta-analysis that the effects of smoking on bone mass were attributable to weight differences between smokers and nonsmokers. Effect sizes did not differ significantly at any bone site according to whether body mass was controlled. Further adjustment for differences in age, physical activity, or calcium intake--potentially important confounders of the smoking/bone mass association--did not modify these effects.
Smoking also may influence bone mass through several other mechanisms. Smoking is known to influence reproductive hormone functioning in women. Female smokers begin natural menopause an average of 1-2 years before nonsmokers [95, 96] and age at menopause is a strong predictor of subsequent osteoporosis [5, 77] . There is some evidence that smoking-related changes in reproductive hormonal functioning among men, as well, may be a contributor, but evidence is less consistent than in women [97] [98] [99] .
Nicotine administration has been shown to reduce bone mass in both castrated and noncastrated mice, indicating a direct effect of nicotine on bone independent of its effect on androgens [100] . Smoking also adversely affects other hormones and enzymes involved in bone regulation, including parathyroid hormone [101] and alkaline phosphatase [102] . In addition, there is indirect evidence that smoking may damage the blood supply to bone. Cigarette smoking is a risk factor for ischemic osteonecrosis [103, 104] , which may be related to nicotine's peripheral vasoconstrictor effects [105] . More research is needed to determine whether any of these physiologic mechanisms underlie smoking's effect on bone mass.
To date, no prospective studies have evaluated whether changes in smoking status (initiating or quitting smoking) are related to changes in bone mass. In this meta-analysis, absolute effects at most bone sites were greatest for current smokers compared with never smokers, intermediate for current smokers compared with former smokers, and smallest for former smokers compared with never smokers. At both combined bone sites and the lumbar spine, current smokers had lower bone mass than never smokers, whereas former and never smokers did not differ significantly. These differences in effect magnitude suggest that smoking cessation may slow, or partially reverse, the accelerated bone loss caused by years of smoking. Unfortunately, insufficient data were provided in most studies to evaluate whether the length of time since quitting smoking influenced effects.
The only large, well-controlled study to evaluate timesince-quitting found significant negative linear relationships in hip bone mass for elderly men and women when comparing never smokers, short-term quitters (<16 years), longterm quitters (>16 years), and current smokers [6] . More work is needed to confirm these effects and to evaluate possible mechanisms, such as weight gain and change in reproductive hormonal balance. Limitations of this research should be mentioned. The statistical association between smoking and bone mass observed in this meta-analysis does not necessarily imply a causal relationship. Furthermore, as with all observational research, assessing whether the observed association is valid is dependent on whether alternative explanations such as chance, bias, and confounding can be ruled out. The associations between smoking and bone mass are unlikely to be due to chance, given that estimates are derived from a large pooled sample size (more than 40,000 participants) drawn from studies that were heterogeneous in terms of several participant and methodologic characteristics. Likewise, selection bias is unlikely to be a significant problem in this research because participants typically were not selected specifically for either smoking exposure or bone mass. Rather, smoking status was usually one of numerous health risk behaviors assessed from community-or conveniencebased samples. Bias in ascertainment of smoking exposure is possible since all studies relied on self-reports. However, self-reported smoking status in epidemiologic research is highly accurate [106] .
The most serious threat to the validity of the associations found in this research is the likelihood of confounding. That is, there are several factors that influence bone mass and are unequally distributed across smoking status, including body weight, age, physical activity level, and intake of calcium, alcohol, and caffeine. Compared with nonsmokers, smokers often are found to have elevated risk status on several of these variables simultaneously (e.g., lower physical activity, lower intake of calcium, higher alcohol consumption) [107] .
The role of potential confounders was explored analytically through the use of stratified and multivariate analyses. The results provide clear evidence that neither body weight 267 nor age important potential confounders that are precisely measured--significantly influence the observed smoking/ bone mass relationships. Although body weight might be on the causal pathway between smoking and bone mass rather than a confounder per se, our data suggest that its influence does not fully explain the smoking/bone mass association. The influence of other potential confounders cannot be ruled out, however. Self-reported variables such as dietary intake and physical activity level are notoriously difficult to measure precisely and in fact were not measured by the majority of studies included in the meta-analysis. These caveats notwithstanding, a causal role of smoking in bone density loss is suggested by the consistency of the observed associations, biologic plausibility, and the finding of a doseresponse relationship.
The effects observed in this study are small, but translate into substantial increases in fracture risk. For example, based on these data, smokers are estimated to have a 32% greater risk of suffering a hip fracture compared with individuals who never smoked. We estimated that the proportion of hip fractures attributable to smoking is 6-10%. This is consistent with other estimates, and corresponds to approximately 34,000 additional hip fractures per year in the United States alone [2, 108] .
Smoking-related osteoporosis is likely to take on even greater public health import in our aging society with recent trends for increased smoking prevalence among teenagers and young adults [109] . Given that smoking's effect on bone is cumulative and dose-dependent, increased smoking in these young groups is likely to translate into a substantially increased future public health burden in osteoporosis. Smoking has a clear adverse effect on bone health, but stopping smoking may slow or partially reverse bone loss. Given the public health implications of smoking on bone health, it is important that this information be incorporated into smoking prevention and cessation efforts.
